In attempting to eliminate disease caused by drinking polluted surface water, millions of tube-wells were drilled in Bangladesh. However, owing to arsenic in groundwater, the availability of safe drinking water has declined from earlier achievement of 97% to 51.2%. This article reviews the causes and distribution of arsenic concentration in rural Bangladesh from a wide variety of literature. Scientists have converged to two hypotheses for causes of arsenic in groundwater: the pyrite oxidation hypothesis and the oxy-hydroxide reduction hypothesis. There is a positive correlation between arsenic content in irrigated groundwater and arsenic contained in soils. There is a significant presence of arsenic in rice and leafy vegetables. Today, arsenic is causing toxicity to human health and creating major social problems. This finding implies that, had there been a precautionary measure taken when a new technology tube-well was being introduced, in the form of testing water for harmful metals, the risk that the rural population is facing now could have been drastically reduced. This lack of precautionary measure, before starting a mass installation of tube-wells for drinking and irrigation should be seen as a "human error" and avoided in future water policy and planning.
Introduction
Water has been a free gift of nature. Until the early 1970s, the more than 100 million inhabitants of Bangladesh and neighbouring West Bengal drank from shallow hand-dug wells, rivers and ponds. But pollution was causing epidemics of diarrhoea, aemebiasis, typhoid and other waterborne diseases. This persuaded aid agencies such as UNICEF, WHO and others to spend a substantial amount of funds on sinking tube-wells in Bangladesh with the aim of providing safe drinking water for the country (Mukherjee & Bhattacharya, 2001) . During the so-called "drinking water decade" (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) , three out of four tube-wells in Bangladesh became privately owned and in some areas this figure reached as high as nine out of every ten tube-wells (Patel, 2001) . Most rural people have access to a tube-well within 150 m of their homes.
The number of tube-wells present today is estimated to be anywhere from 11-18 million. Tube-well water reaches 97% of the rural population and constitutes the backbone of the rural water supply in Bangladesh (NGO Forum, 2004) . This made a significant contribution to decreasing the infant mortality rate, from 151 per thousand in 1960 to 83 per thousand in 1996 and drastically reduced of epidemics waterborne disease (UNICEF, 1998) . Since 1993, the success of the UNICEF-sponsored tube-well sinking policy has become a matter of anxiety because of the manifestation of chronic arsenic toxicity among the population resulting from prolonged consumption of arsenic contaminated groundwater (Chowdhury et al., 1999) and has emerged as a serious threat to public health in the country (Hossain, 2002) . The statistics available for the arsenic contamination in ground water indicate that 59 districts (around 85% of the total area of Bangladesh) and about 75 million people are at risk (Ali et al., 2003) .The arsenic contamination is not only a health hazard for the people, it also affects the environment and creates social problems. Therefore it is very important that any environmental policy be developed according to proper scientific and socio-economic foundations (Trudgill, 1999) .
In this context, the objective of this paper is to present a review of the sources of arsenic in the groundwater as well as the distribution of arsenic in the groundwater, soils and plants of Bangladesh. This study has been carried out on the basis of available secondary data from literature surveys. This article first introduces briefly the reason for sinking tube-wells in Bangladesh. In this spirit the "Groundwater exploitation and arsenic problem" is discussed in Section 2. "Distribution" and "Causes" of arsenic in groundwater have been discussed in Section 3 and 4, respectively. Section 5 focuses on the "Exploration of the man-made problem hypotheses". Finally the last section provides a conclusion for the findings of this study.
Groundwater exploitation and arsenic problem
Groundwater is the most important source for domestic, industrial and irrigation supplies at present in Bangladesh, a land with enormous resources of precipitation, surface water and groundwater. More than 85% of domestic and municipal potable water comes from abstraction of groundwater. Bangladesh has about 30,000 deep tube-wells (DTWs) 644,000 shallow tube-wells (STWs) and 140,000 manual pumps (MPs) lifting groundwater for irrigation purposes. Using all these pumps more than 12,000 million cubic meter (MCM) water is pumped every year from the underground water sources (Rashid, 1997) . Approximately 95% of the groundwater extracted is for irrigation for rice production (dry season) and the remaining 5% for domestic purposes (FAO, 2006) . The contribution of groundwater in relation to total irrigated area increased from 41% in 1982/83 to 71% in 1996/97 with an increasing tendency for its use. In contrast, surface water irrigation steadily declined from 59% to 29% over the same period (NMIDP, 1998) .
Heavy withdrawals of groundwater for irrigation have lowered the water table in many areas below the effective reach of hand tube-wells. Cities and urban areas too are facing the problem of receding water table owing to heavy groundwater extraction. Exploitation of groundwater from these wells has resulted in mobilizing the arsenic and led to mass poisoning in the region, which is defined by the generic term arsenicosis (Rahman et al., 2001) . Extensive withdrawal of contaminated groundwater for irrigating crop fields has resulted in arsenic in surface soils (Mehrag & Rahman, 2003) and land degradation in terms of crop production and food safety (Duxbury & Zavala, 2005) . Apart from these, the improper use of groundwater irrigation leads to loss of land productivity, resulting in a progressive decline in profitability owing to an increase in suction lift and less water, increase in soil salinity, irrigation drought in other areas by over use of water and so on (Deya et al., 2006) . In fact, unplanned exploitation of groundwater caused this grave arsenic poisoning situation.
Unfortunately, as soon as rural people developed the habit of drinking tube-well water from awareness of the importance of drinking groundwater to avoid diarrhoeal diseases, arsenic in excess of acceptable limit 0.05 mg l 21 had simultaneously been detected in tube-well water in many parts of Bangladesh and emerged as a serious threat to public health in the country (Paul & De, 2000) . This arsenic crisis overshadowed the success of drinking water and added a new dimension to the country's existing environmental challenge of floods and cyclones. Because of the arsenic in groundwater, the countrywide public availability of safe drinking water has declined from the earlier remarkable achievement of 97% to 51.2% (NGO Forum, 2004) . Extrapolations by BUET using USEPA models suggest that some 375,000 people in Bangladesh may eventually develop various arsenic-related cancers (Ahmed & Ahmed, 2002) . Bangladesh is currently facing a risk of long-term epidemic of cancers and other fatal diseases related to arsenic exposure, the extent of which is difficult to gauge (Ahmad et al., 2005) . Now, the people of arsenic affected areas are likely to use unprotected surface water to avoid arsenic poisoning and become sick from waterborne/related diseases. The estimated total capital and operation maintenance costs per year of arsenic mitigation technologies for the entire rural population of Bangladesh is equivalent to 11% of the Bangladesh GDP for the year 2002 (Koundouri, 2005) . So the arsenic problem can generate high public deficits and an increase in public debt, causing instability harmful to the economic growth of the country.
Apart from these, the use of arsenic-contaminated groundwater in irrigation has resulted in bioaccumulation of arsenic in crops and vegetables in Bangladesh and the accumulation of arsenic on the surface of the soil creates a risk of reducing productivity (Ali et al., 2003) . Soil retention of arsenic can lead to arsenic-laden dust particles as an ingestion route (Adeel, 2003) .
Although arsenic is a known carcinogen, its impact on patients' social lives is a painful burden to bear. People are reluctant to develop marital relationships with families whose members suffer from arsenicosis. This has caused serious anxiety for Bangladeshi parents of unmarried adult children. Now it is not only causing toxicity to human health but it also resulting in major social problems for the affected people of Bangladesh (Hassan et al., 2005) . In its turn the health of people affects the demographic and socio-economic growth as well as the sustainability of Bangladesh (Borghesi & Vercelli, 2005) .
Arsenic contamination has been reported in Argentina, Mexico, Chile, USA, Taiwan, Mongolia, Thailand, Philippines, China, Japan, India, as well as Bangladesh. In terms of severity of the problem, Bangladesh tops the list (Fazal et al., 2001a) . Moreover, in Bangladesh the arsenic-affected people are mostly illiterate and in a low income group (Uddin et al., 2007) . Thus, education and income level are significant factors in choosing alternative water sources against the disaster of arsenic contamination of groundwater.
3. Distribution of arsenic in groundwater, soils and plants of Bangladesh
Arsenic distribution in groundwater
In Bangladesh, the median arsenic concentration in tube-well water is 135 mg l 21 and some 76% of shallow wells exceed the Bangladesh standard (50 mg l 21 ) for arsenic and occasionally concentrations exceeded 10 mg l 21 (Kinniburg & Kosmus, 2002) . In some areas of Bangladesh, groundwater arsenic concentrations reached up to 2000 mg l 21 (Erickson, 2003) . Paul & De (2000) found no strong correlation between spatial patterns of arsenic contamination and tube-well density (Pearson correlation coefficient, 0.125). Maps of the distribution of arsenic in groundwater in Bangladesh have been prepared by different authors, such as (i) for distribution of arsenic in the groundwater of a shallow aquifer less than 150 m deep (BGS/DPHE, 1999), (ii) for the intensity of arsenic contamination of groundwater (Ahmed, 2002) and (iii) district-mean arsenic concentrations .These maps indicate that the central regions of Bangladesh are highly contaminated and very well fitted with areas submerged by flood. The severity of arsenic problem varies from one region to another because of the geological and geomorphological nature of the areas as well as the shallow aquifers (,150 m) (Mukherjee & Bhattacharya, 2001 ). The worst affected aquifers are alluvial deposits beneath the recent flood plains (Ganges, Tista, Meghna & Brahmaputra). Older sediments beneath the Barind and Madhupur tracts and the eastern hills and their adjoining piedmont plains are not significantly affected by arsenic. The Ganges flood plains show the greatest spatial variability (Hossain, 2006) .
In Bangladesh tube-wells generally tap into the shallow aquifer (start from 10 to 110 m below the surface), which is the source of the current arsenic problem. Water from depths of less than 10 m or more than 150-200 m appears to be essentially free from arsenic (Kaufmann et al., 2002) . According to Chowdhury et al. (1999) up to the level of 22 m, the concentration of arsenic in Bangladesh increases with depth, but below that level, the concentration decreases with depth. The SOES-DCH also found similar results from a survey of 15,969 tube-wells 6.4 -400 m deep over 47 arsenic affected districts. Their results show that around the depth of 15 -20 m there is an increase of arsenic concentration and then with increasing depth the arsenic concentration decreases (SOES-DCH, 2000) . The BGS/DPHE (2001) reported that maximum arsenic concentrations occur at depths between 20 and 50 m, whereas samples shallower than 10 m and deeper than 150 m are basically arsenic free. It is reported by Harvey et al. (2002) that arsenic was deposited within aquifer sediments at a depth of (20-100 m) by the major rivers of Bangladesh and India. Water in tube-wells that are deeper than that level is mostly arsenic free.
In a study by van Geen et al. (2003) at Araihazar Thana in north-east Bangladesh indicated that the proportion of wells that exceed the Bangladesh standard for drinking water of 50 mg l 21 arsenic increases with depth from 25% between 8 and 10 m to 75% between 15 and 30 m, then declines gradually to less than 10% at 90 m. However, arsenic distribution in groundwater is not only controlled by depth but rather to a major extent by subsurface geology, that is, age and grain size of sediments, which reveals that distribution of arsenic in the wells is largely dependent on the facies characteristics of the alluvial deposits (Ahmeda et al., 2004) . So, there are extreme local variations, within the broad regional distribution pattern of occurrences of arsenic enriched groundwater in Bangladesh. The spatial variability of arsenic contamination of tube-wells also results in confusion about which wells to use, as well as conflict over ones that have been identified to be safe.
A statistical characterization of the arsenic contamination scenario in shallow tube-wells (depth , 150 m) of western Bangladesh is presented by Hossain et al. (2006) . According to this statistical characterization, the anisotropy in the spatial dependence for northwest Bangladesh (comprising mainly Pleistocene deposits) was found to be stronger than southwest Bangladesh (comprising mainly Holocene deposits). The correlation length for arsenic concentration in the east -west direction of northwest Bangladesh was found to be almost twice (158.80 km) that of the north -south direction (78.21 km). For the southwest region, the ratio of east -west to north-south correlation lengths ranged from 1.40 to 1.50.
There is no long-term water quality monitoring data to establish definitively how arsenic concentrations change over time. Hossain (2006) shows a correlation between the year of construction and the proportion of contaminated wells above the Bangladesh standard. On average, older wells are more likely to be contaminated than recently constructed ones. Only long term monitoring will determine whether this actually corresponds to increasing concentrations in individual wells.
In Bangladesh, the mean arsenic concentration in drinking water where the community wells are installed is 180^140 mg l 21 (van Geen et al., 2003) and the average total intake of drinking water is 4.4 l per day (Watanabe et al., 2004) . With these values, it can be calculated that the average daily intake of arsenic from drinking water by an adult is 792 2^560 mg per day, which is higher than the daily dietary intake from food stuffs (average estimated value 180 mg per day) derived by Raychowdhury et al. (2002) for West Bengal. Therefore in Bangladesh, the intake of arsenic which is serious to health through drinking water is much higher than the intake through food.
Arsenic distribution in soils and plants of Bangladesh
The peoples of Bangladesh not only drink the arsenic contaminated groundwater but also irrigate their crops. Between 30 and 40% of the net cultivable area of Bangladesh is under irrigation using groundwater (Huq & Naidu, 2002) . The quantity of arsenic extracted each year through irrigation water in Bangladesh is about 1360 metric tonnes of arsenic, which ultimately is deposited in the top layer of irrigated soil (Ali et al., 2003) and results in significant increases of arsenic concentration in each year in the irrigated paddy field (Alam & Rahman, 2003) . In a study Das et al. (2004) found that the area of the highest amount of arsenic in groundwater also had the highest amount of arsenic in the soil, rice and rice plants, vegetables and fish. A positive correlation is observed between arsenic content in irrigated groundwater and arsenic contained in soils(r ¼ 0.74, p ¼ 0.01). But there was no correlation between arsenic contamination with either heavy extraction or deep groundwater levels (Hossain, 2006) .
The mean arsenic concentration in uncontaminated agricultural soils in Bangladesh is 4.64 mg kg 21 (Uddin, 1998) , which is less than the standard level (mean 6 mg kg
21
) of arsenic in uncontaminated soils from various countries (Mandal & Suzuki, 2002) . In fact, the arsenic concentration in the soil of Bangladesh irrigated with arsenic contaminated groundwater is higher than these values, for example, a maximum of 83 mg kg 21 (Ullah, 1998) ; up to 57 mg kg 21 (Alam & Sattar,2000) ; average is less than 10 mg kg 21 (Huq et al., 2003) ; 2.0 -12.0 mg kg 21 (Alam & Rahman, 2003) ; .30 mg kg 21 in the central belt of Bangladesh (Meharg & Rahman,2003) ; .10 mg kg 21 (Islam et al., 2005) ; and 10 -2470 mg kg 21 from pesticides wastes or industrial activity (Mandal & Suzuki, 2002) . There are indications that soil concentrations of arsenic as well as uptake of arsenic by the crops are increasing over time because of irrigation (FAO, 2006) . Most of these reported values of arsenic concentration in the irrigated soils are higher than the quality criterion value of 20 mg kg 21 set by EPA for total arsenic in soils (Helgesen & Larsen, 1998) . So the arsenic concentrations in soils in Bangladesh caused by irrigation or pesticides wastes or industrial activity above EPA levels are not recommended for sensitive use such as cultivation of vegetables for human consumption.
According to Hironaka & Ahmad (2003) the arsenic concentration of rice grown on arsenic contaminated soil (of arsenic concentration about 300 mg/l) was 2 to 3 times higher than the arsenic content of rice produced in a non-polluting district of Bangladesh. There is an increase in arsenic in cultivated soils which leads to an increase in the levels of arsenic in edible vegetables (Burlo et al., 1999) and the trend of arsenic accumulation is higher in leafy vegetables and lower in fruity vegetables (Farid et al., 2003; Das et al., 2004) . A significant presence of arsenic in rice and a range of vegetables, crops commonly grown in Bangladesh also reported in the literature Watanabe et al., 2004) . The average grain arsenic value of boro rice (cultivated with irrigated water) is 0.31 mg kg 21 and amon rice (cultivated with rain water) is 0.17 mg kg 21 (Panaullah et al., 2006) , but these concentrations in rice grain are not more than the recommended limit of 1.0 mg kg 21 (Das et al., 2004) . On the other hand, according to FAO (2006) arsenic levels in Bangladeshi rice grain are as high as 1.8 parts per million, compared to levels of just 0.05 parts per million in Europe and the USA (FAO, 2006) .
There is no straightforward interrelationship between the arsenic contents of irrigation waters, soils and crops. However, there is a positive correlation between arsenic concentrations in rice and soil (Meharg & Rahman, 2003) . Williams et al. (2006) also found a positive correlation between arsenic in the groundwater and arsenic in the rice of Bangladesh. This correlation was stronger for Boro rice than for Aman rice. The highest arsenic concentrations in rice were all from districts in the southwest, namely Faridpur . Satkhira . Chuadanga . Meherpur.
Arsenic concentration in Bangladeshi plants varies in the parts of a plant. The distribution of arsenic in the stem of potatoes is higher than that in leaves; in arum the leaves and stem contain more arsenic than the root; in kalmi sak (a vegetable) arsenic in leaves is greater than arsenic in the stem; in paddy rice (O. sativa L.) the root has more than the stem which has more than the rice (Hossain, 2006) . According to Abedin et al., 2002) arsenic accumulates in rice straw at a level up to 91.8 mg kg 21 and at the root at a level up to 107.5 mg kg
. These results suggested that feeding cows and cattle in Bangladesh with such contaminated straw and root could be a direct threat to their health and also an indirect threat to human health via contaminated bovine meat and milk. Although arsenic poisoning from plants to animals is believed to be very uncommon, unfavourable health effects of a high arsenic concentrations in vegetables and forage plants cannot be precluded.
Fish constitutes an important part of the diet in Bangladesh. The concentration of arsenic in water is not always responsible for the arsenic level in fish species. It is reported by Das et al. (2004) that Lata fish (Ophicephalus punctatus) collected from the canal (Kachua Upazilla, Bangladesh) contained trace amounts of arsenic in the range 0.02 -0.04 mg kg
, n ¼ 9. It is important to note that much of the arsenic present in fish and shellfish is in either the fat-soluble or water-soluble organoarsenic form which is essentially non-toxic (Lunde, 1973) . However, arsenic through food products contributed to the high incidence of skin cancer (Tseng et al., 1968) .
Causes of arsenic in groundwater of Bangladesh
Arsenic input into the ecosystem can be divided into two categories: natural and anthropogenic emissions. The actual causes of high arsenic concentration in the groundwater of Bangladesh have not been clearly pinpointed. Several factors have been assumed to have caused the substantial input of arsenic in the aquatic environment of Bangladesh. These are (i) wooden poles treated with arsenic-based compounds supporting electric wires, (ii) uses of chemical fertilisers, pesticides, insecticides and herbicides containing arsenics, (iii) tube-well filters coated with arsenic compound, (iv) release of untreated effluent from facilities and (v) arsenic accumulated (enriched) in sediments by geological processes(BGS/DPHE, 1999). The acceptable cause of widespread arsenic contamination in the groundwater of the Bengal Delta Plain (BDP) in Bangladesh is geological. Arsenic in the groundwater is released primarily from the sediments deposited during the Holocene period (BGS/DPHE, 1999). However, scientists are not unanimous regarding the causes of the arsenic problem in Bangladesh. Among the few hypothesis initially proposed to explain the possible mechanism of arsenic release, most scientists have converged to two hypothesis: (i) the pyrite oxidation hypothesis-oxidation of arsenic mineral "arsenopyrite" (FeAsS) or arsenic rich "pyrite" (FeS 2 ) resulting in release of arsenic into ground water and (ii) the oxy-hydroxide reduction hypothesis-reduction of arsenic rich iron-oxi-hydroxides leaching the arsenic which remains in the adsorbed state on its surface. The third hypothesis is that it is a man-made problem based on anthropogenic causes.
Pyrite oxidation hypothesis (arsenopyrite and arsenic-rich pyrite)
Oxidation of arsenic bearing sulfide minerals (such as arsenopyrite and pyrite) in an aquifer can release arsenic into underground water. The rate of oxidation of sulfide minerals is limited by the presence of an oxidising agent, most commonly atmospheric oxygen (as O 2 ) and also nitrate. Relatively deeper ground water is isolated from the atmosphere and the availability of oxygen in deep aquifers is limited by the amount of oxygen present in recharge water. Because of intensive irrigation development in Bangladesh, the underground water table drops creating a void, which is then filled by atmospheric oxygen (Chowdhury et al., 1999; Kinniburg & Smedley, 2001 ). This inflow of oxygen and light pressure from tube-well water helps to break down pyrites in the arsenic-laden pyrite rock into fine particles. These particles later dissolve in groundwater. The whole process is also known as "oxidation process" and pyrite is oxidised in aquifer sediments where groundwater is oxygenated (Mukherjee & Bhattacharya, 2001) .
Seasonal fluctuation of the water table also results in the rapid and regular intake of oxygen (Bridge & Husain, 2000) . The pyrite oxidation theory is also known as the "lowering water table hypothesis" (Fazal et al., 2001a, b) . But Hossain (2006) reported that enhanced fluctuation of the water table is not responsible for mobilisation of arsenic, although this is not to say that irrigation will have no influence on the arsenic problem. The oxidation theory also justified the occurrence of acid sulphate soils in the Jessore, Faridpur and Khulna districts of Bangladesh (Sylvia, 2001) .
The supporters of the oxidation theory argue that arsenic in groundwater is a recent phenomenon. The intensive irrigation development in Bangladesh after 1980 and arsenic-related disease before groundwater-based irrigation development in Bangladesh supports the pyrite oxidation hypothesis. Until two years ago, groundwater in the Rangpur, Bogra and Jamalpur districts had been considered as safe. Now, not only are these areas seeing contamination of groundwater, but many cases of arsenic related diseases have also been identified (Hossain, 2006) .
Oxy-hydroxide reduction hypothesis (arsenic rich iron oxi-hydroxides)
The oxy-hydroxide reduction hypothesis points out that the source of arsenic is geological and forms in an anoxic environment, a condition expected at the depths to which the tube-wells are drilled (Kinniburg & Smedley, 2001 ). Reduction of iron hydroxide is enhanced in this scenario by bacterial activity (Khan et al., 2000) . Bacterial reduction plays an important role in these aquifers because both nitrate and sulfate concentrations are low. Sediments in the Ganges delta region are known to have iron oxyhydroxides grains on the mineral coatings of the mineral grains and in many places these coatings have been found to be rich in arsenic. According to this hypothesis, arsenic is released when arseniferous iron oxy-hydroxides are reduced in anoxic groundwater, a process that solubilises iron and its absorbed lead and increases bicarbonate concentrations (Nickson et al., 1998) . The normal burial of alluvial sediments during the development of the delta leads to strongly reducing conditions caused by the microbial consumption of oxygen during the process of organic matter oxidation. Introduction of organic waste into an aquifer can also promote a reducing environment. In addition, lowering of pH can also promote dissolution of iron oxi-hydroxides and subsequent release of associated arsenic. This process in general is known as the "reduction process". It has no relationship to the excessive groundwater withdrawal. The research findings of Jack et al. (1999) also support the reduction theory.
On the basis of empirical data, the BGS/DPHE (1999) rejected the pyrite oxidation hypothesis and accepted the oxy-hydroxide reduction hypothesis as the most plausible cause of arsenic contamination in the groundwater of Bangladesh. However, several experts have questioned the validity of the BGS/ DPHE findings (Fazal et al., 2001a, b) . Based on an investigation of 15 drilled wells in one site in southern Bangladesh, Harvey et al. (2002) claim that irrigation pumping may affect arsenic mobilisation associated with a recent inflow of carbon, but not by the oxidation of sulfides as has been proposed. On the other hand, recently Klump et al. (2006) argued that the possibility of arsenic contamination related to the extraction of groundwater for irrigation purposes in Bangladesh is controversial and questionable.
However some scholars believe that both reduction and oxidation theories may be correct, depending on the nature of the sediments (Arsenic Contamination Research Group, Niigata University, 2000). So far, there has not been any scientific evidence to prove the oxidation theory. The reduction theory is also not able to answer all questions perfectly. For example, the reduction theory is unable to explain the existence of the "hot spots" in a generally low-arsenic area. It is also unable to show why the reduction is occurring now and had not occurred before. There are weak points in both theories. An e-mail survey was carried out by Akmam (2002) among experts to find out their views on the possible mechanism of arsenic release. Among the respondent experts, 58.33% supported the oxy-hydroxide reduction hypothesis and 33.33% supported the pyrite oxidation hypothesis and 75% of the respondents believed that over extraction of ground water had some relationship to the contamination of arsenic in ground water in Bangladesh.
Man-made causes
The anthropogenic or man-made sources of arsenic arise from various activities such as processing of varieties of ores, cotton and wool processing, ingredients of many insecticides and herbicides, arsenicbased wood preservative, feed additives in various metal alloys and in mining, seepages from hazardous waste sites and semiconductor and glass manufacturing units (Mondal et al., 2006) . Agrochemicals can be sources of localised pollution. But they cannot possibly give rise to large-scale contamination as in the case of Bangladesh.
It has been reported that the uncontrolled and indiscriminate use of sub-standard chemical fertilisers and pesticides, in the name of the "green revolution" for three to four decades in Bangladesh as one of the very important causes of arsenic contamination in groundwater (Anwar, 2000; Paul & De, 2000) . However, none of these is directly responsible for the prevalence of widespread arsenic contamination in groundwater (Mukherjee & Bhattacharya, 2001 ). But these sources may lead to considerable contamination of soil and groundwater system elsewhere (Welch et al., 2000) .
Further, Bridge & Husain (2000) argue that by building dams in the up-stream, India withdraws water from rivers that flow through India into Bangladesh during the dry season. This has caused the drying up of rivers within Bangladesh territory, which made the farmers use ground water for irrigation on a massive scale and this over-extraction of ground water has caused the arsenic problem. Therefore, the operation of the barrages built by India could be a reason for the arsenic problem in Bangladesh (Akmam & Higano, 2001) . If the oxidation of arsenic-bearing minerals is the cause of arsenic release to the groundwater owing to a lowered water table then the solution to the arsenic problem is to restore the natural river flow of the Ganges River. This would restore the groundwater level to a level that existed in Bangladesh prior to the construction and commission of Farakka Barrage in 1975. It can be considered as a man-made cause of potential arsenic contamination.
Exploration of the man-made problem hypothesis
It is known that a poor environment continues to be a major factor contributing to poor health in developing countries. Growing urbanisation and poor sanitation worsen the environmental conditions. Added to biological pollution is the increasing chemical pollution of air and water, with few effective countermeasures. From this aspect, Bangladesh is an example of a poor environment contributing to disease. The abundance of water in the Ganges -Bramaputra Meghna delta is a major carrier of waterborne diseases. As a solution to this health problem, tube-wells were designed-tubes bored down 10-200 m with groundwater raised by hand pumps. Originally, tube-wells had been sunk in British India or for agricultural purposes as early as the 1920s (Caldwell et al., 2002) . However, it was not until the 1960s and early 1970s that government and the international community saw them as an alternative to the difficulties of finding a means of immunising against waterborne diseases, purifying ponds and developing safe latrines. So with this approach, by the early 1990s at least 2.5 million tube-wells were installed, which was a prime source of water for at least 96% of the rural population (Paul & De, 2000) . The project was funded mainly by UNICEF (US Water News, 1999) . This massive country-wide project, often termed the ground water revolution stimulated subsequent rapid agricultural growth and saved millions of lives as mortality and morbidity rates attributed to waterborne diseases plunged after its initiation.
The mass switch to tube-wells was not driven solely by the desire for hygiene, but also by the convenience of owning the source of water, to reduce women's workloads associated with using surface water as well as the status symbol of having it in ones own courtyard. Many rural families thus brought the water supply (tube-wells) to their houses before the arrival of electricity, gas and telephones (Caldwell et al., 2002) . Studies have shown that because of the installation of tube-wells and the campaign for sanitary practices, mortality and diarrhoeal diseases declined (Baqui et al., 1994) . As a result of the gradual conversion, previously used surface waters (ponds, rivers) have become more polluted owing to abandoning methods of cleaning ponds and fish farming. Given this background, a new environmental threat, chemical rather than biological, apparently "natural" in origin but still dangerous has emerged. This has come in the form of arsenic in the groundwater.
Unfortunately, the groundwater revolution has now turned into a death trap for rural Bangladeshis. So, the solution for daily water turned out to be no solution as the well water came with hidden poison arsenic. No one had thought to check for arsenic contamination of well water when the wells were being dug. The solution to this problem is at odds with previous efforts to diminish biological contamination by promoting groundwater. The cost of digging the original contaminated wells over the course of time was US$50 million. The first reported case of arsenicosis in Bangladesh was in 1993 (BGS/DPHE, 1999). According to UNICEF, the standard procedure that they carried out to test for safety of groundwater did not include arsenic which had never before been found in the geological formations that exists in Bangladesh today (Pearce, 2001 ). This finding implies that, had there been a precautionary measure taken when a new technology-tube-well-was being introduced, in the form of testing water for harmful metals, the risk that the rural population is facing now could have been drastically reduced. International laws say "the polluter must pay" (Makin, 2003) . If the sinking of tube-wells to provide safe water for drinking and to sustain agriculture is responsible for polluting ground water gradually, who is responsible for millions of lives in Bangladesh that have begun to end slowly and painfully?
Irrigation with deep tube-well (about 90 m deep) water began during the mid-1960s as a consequence of the spread of high yielding varieties of crops during the green revolution. This resulted in the sinking of thousands of shallow tube-wells and deep tube-wells across the country since the 1970s. Larger diameter (16 -20 cm) deep tube-wells were installed by government agencies for irrigation purposes until the mid-1980s, when such deep tube-wells were handed over to rich farmers. Thereafter, the poor started to use alternative shallower, cheaper tube-wells to obtain water for irrigation. This practice increased when the Bangladesh government allowed the import of shallow tube-well materials and their sale to farmers without making any regulations for groundwater withdrawal (Alam et al., 2002) . Between 1979 and 1993, groundwater use in Bangladesh increased steadily, while use of surface waters from rivers and canals decreased (Bangladesh Bureau of Statistics, BBS, 1995) .
Over the past two decades about four million wells have been installed to utilise the groundwater from shallow aquifer layers, typically less than 200 m deep (UNICEF, 1999).The over-exploitation of underground water for irrigation, lack of water management and inadequate recharge of the aquifer has led to progressive groundwater declination across Bangladesh. The ground water declined beyond 8 m across 12% of Bangladesh in 1986, rose to 20% in 1992 and included 25% of the country in 1994 (NMIDP, 1996) . A study of forecasting groundwater level fluctuation in Bangladesh indicated that 54% of Bangladesh is likely to be affected up to 20 m in some places, particularly in the northern part of the country in the dry season (NMIDP, 1998) .
Apart from withdrawal of groundwater for irrigation, more than 85% of the domestic water supply schemes are filled by underground water (BBS, 1995) . Unfortunately, now that it is known that water drawn from tube-wells in about 60% of the country is severely polluted with soluble arsenic, people are now refusing to drink water from tube-wells and many tube-wells have declared unsafe by the same government organisations that earlier enjoyed the success of providing safe drinking water (Alam et al., 2002) . The diabolic situation of Bangladesh had not been the effect of overnight callousness and misconception. It was the effect of years of ignorance and negligence. During the 1980s and 1990s, the international organisation (British Geological Survey, BGS) which tested the quality of tube-well water in Bangladesh did not even conduct the tests for arsenic. The organisation did not test for arsenic during the 1992 survey either. Ironically, in 1989, the same organisation (BGS) tested for arsenic in a London aquifer. This certainly points to their share of responsibility towards present situation. Professional negligence from aid-agencies towards developing countries is certainly not appreciable (Chakraborti et al., 2003) .
The lack of this precautionary measure for drinking and irrigation should be seen as a "human error" in Bangladesh. The significance of the "human error" concept lies in the fact that all major environmental pollution around the world is either directly or indirectly caused by human error. This is in the form of (i) error in the use of tube-well technology and (ii) overuse of groundwater. This implies that a precautionary principle should be taken when sinking tube-wells even for activities that are considered environmentally safe. The world may learn from Bangladesh that such situation may happen in any country that uses their natural resources indiscriminately without proper investigation.
Conclusion
In spite of the enormous supply of water from surface and the sizable precipitation in Bangladesh, the country has faced a tremendous shortage of drinking water owing to the risks of microbial contamination in surface water. Exploitation of groundwater resources started in Bangladesh during the 1970s and has increased dramatically in the past three decades to reach the goal of providing safe drinking water for nearly 97% of the rural population. Moreover, use of groundwater was also promoted to support wetland cultivation in the region. Owing to arsenic in groundwater, the remarkable countrywide coverage of safe drinking water has now declined from the earlier achievement of 97% to 51.2% now. In Bangladesh, the median arsenic concentration in tube-well water is 135 mg l 21 . The acceptable cause of widespread arsenic contamination in the groundwater in Bangladesh is geological. The possible mechanism of arsenic release appeared to have been narrowed down to two major hypotheses: (i) pyrite oxidation hypothesis and (ii) oxy-hydroxide reduction hypothesis. Although the process of arsenic release in groundwater can be seen as a naturally occurring phenomenon, the arsenic contamination problem itself is the result of human error. Excessive extraction of groundwater in Bangladesh has caused the water table to go down to lower levels and this has presented a problem. This withdrawal of arsenic-contaminated groundwater contaminates surface soils and plants and thus affects the food chain. The Green revolution increased food production in Bangladesh but its impact on the environment and on the natural resource of water were not analysed. However, one cannot exclude the risk from known arsenic concentrations in crops and human exposure via foods, which will increase over time because of the prolonged input of arsenic-contaminated irrigation. In the contaminated area, installation of deep tube-wells is useful, as the deep aquifers are arsenic free but the over-abstraction of groundwater should be regulated.
Based on the review, there is a positive correlation between arsenic content in irrigated groundwater and arsenic contained in soils. The potential uptake of arsenic into plants and foods from the irrigation water, retention in soils and leaching back to shallower aquifers have not been sufficiently investigated. The bioavailability of arsenic through consumption of cooked foods and their risks to human health remains to be determined.
Rice is the most important staple food in Bangladesh and it is consumed in large quantities (450 g/adult/day). It is the source of 70% of caloric intake in Bangladesh. Vegetables are considered a main food source in Bangladesh providing vitamins and minerals for the rural people. Therefore, arsenic-contaminated rice and vegetables are an additional human health risk along with arsenic-charged drinking water in Bangladesh. But it is unclear under what conditions and in what time frame this takes place, which makes it very difficult to quantify the risks.
In 1993, the BGS pronounced that groundwater of Bangladesh is "safe", which implies that (i) the implantation of tube-wells required mass switching from surface water on which they were habituated for centuries to a new source of water, that is, tube-wells, (ii) people have unknowingly been drinking the "safe" water that contained arsenic for the last 25 years, (iii) people now knowingly have again to switch from use of tube-wells to other forms of safe water sources. The re-shifting of human behaviour regarding water-use will take time and is full of uncertainty. There are undoubtedly significant socioeconomic barriers to well-switching. These barriers are: (i) most wells are privately owned, (ii) women, in Bangladesh are traditionally not expected to leave their Bari (a cluster of related households) unaccompanied and (iii) privacy is another issue since many of the tube-wells are installed near the household's latrine. However, there is a direct relation between the spread of implementation of certain technologies (i.e. tube-well sinking) and risks associated with the problems. The assessment of technologies and their impact on social structures is a necessary but albeit difficult task. It is therefore important to develop active participation processes in local communities and organisations working at the local level so that people can switch to safe-water options, which are technically suitable, socially acceptable and financially sustainable in the area.
A key policy issue for the water sector is the possible influence of groundwater pumping. The critical question is whether or not pumping of groundwater for irrigation is either creating or exacerbating the problem of arsenic in drinking water. The influence of pumping for irrigation could be expressed by either increased flow of groundwater through the aquifers or by the lowering of the water table. There is no correlation with either heavy extraction or deep groundwater levels but the irrigation wells enhance the movement and dispersion of arsenic. Legislation and regulations are generally needed to control groundwater exploitation.
In Bangladesh the first policy related to the management of water resources was formulated in 1998 known as the "National Water Policy-1998". Also the "National Policy for Safe Water Supply and Sanitation-1998" was approved in 1998 (Ministry of LGRD & Cooperatives, 1998) , where "removal of arsenic from drinking water and supply of arsenic free water from alternate sources in affected areas" was among the key objectives. However, recognising the grave problems posed by arsenic, the government formulated a separate policy to address the mitigation of the arsenic problem: the "National Policy for Arsenic Mitigation-2004 and Implementation Plan for Arsenic Mitigation" (Ministry of LGRD & Cooperatives, 2004) . This policy attempts to provide guidelines for mitigating the effect of arsenic on people and the environment in a holistic and sustainable way. It also supplements the National Water Policy 1998 and National Policy for Safe Water Supply and Sanitation 1998 in fulfilling the national goals of economic development, poverty alleviation, food security, public health and safety, a decent standard of living for the people and protection of the natural environment. The main points of this "water policy" are: (i) to follow the Bangladesh Standards for drinking water as defined in the "Environmental Conservation Act 1995 and Rules 1997, Schedule-3", (ii) to give preference to surface water over groundwater as source of water supply, (iii) to follow approved guidelines/protocols for installation of water supply technology options, (iv) to ensure on an emergency basis, safe source of drinking water at a reasonable distance, (v) to assess the needs for water supply intervention based on the status of contamination at the village level and (vi) to endeavour to promote piped water systems wherever feasible and such schemes must ensure that the poorest members of the community have access to safe water that meets the minimum service levels established by the government.
However, this policy needs to be revised on the issue of use of surface water versus groundwater. This is because it is important not to reject outright groundwater as a freshwater resource. It is possible that a number of "safe" non-domestic uses of this water may be found. More significantly, the potential for treating the groundwater for domestic purposes is immense. By treating the groundwater for arsenic contamination, it attains hygienically superior quality than readily available surface water. A number of technologies are available for removing arsenic from groundwater to a lower drinking water standard and they can be applicable if they are easy to operate, efficient under local climate conditions and cheap.
Various researchers clearly indicate that either improvement or halting further degradation in health is possible when use of contaminated water is totally discontinued in the early stages of the disease. This has important implications for formulating a health protection policy which is yet to be done in Bangladesh. Provision of a clean and affordable supply of freshwater is absolutely essential to halting the further impacts of the problem. Implementing such a policy, however, poses several challenges for government agencies, civil society groups and international organisations. First, convincing the general public that cleans freshwater will help with the common epidemic is a difficult task. This difficulty has to be viewed in the context of similar publicity campaigns carried out in the 1970s and 1980s to promote groundwater as the safest source of water. The credibility barrier so created can be overcome through involvement of local communities in the development of such programmes. Second, providing clean freshwater at low cost or free of charge would require considerable investment in developing, managing and operating a reliable water supply system. Interim measures such as supplying bottled water may not be sustainable in the long-term.
To control and eradicate the ravages of the contamination, the exact cause(s) of arsenic contamination and its mobilisation mechanism should be identified. Economically and technologically, Bangladesh is not in a firm position to solve the arsenic crisis herself. The support of United Nations, donor countries, donor organisations and individuals is essential to save the suffering people from a devastating arsenic disaster.
